Bacteria living epiphytically on aerial plant surfaces encounter severe and rapidly fluctuating environmental conditions, and their capacity to withstand environmental stress contributes to epiphytic fitness. The stationary phase sigma factor RpoS is a key determinant in stress response of gram-negative bacteria, including Pseudomonas spp. This study focused on the role of RpoS in stress response and epiphytic fitness of Pseudomonas fluorescens strain 122 on aerial plant surfaces. RpoS had a significant role in the response of the phyllosphere bacterium P. fluorescens 122 to stresses imposed by desiccation, UV irradiation, starvation, and an oxidative environment. While significant, the difference in stress response between an rpoS mutant and the parental strain was less for strain 122 than for the rhizosphere bacterium P. fluorescens Pf-5. No consistent influence of RpoS on epiphytic population size of strain 122 on pear or apple flowers or leaves was observed in field trials. These data may indicate that P. fluorescens occupies protected microsites on aerial plant surfaces where the bacteria escape exposure to environmental stress, or that redundant stress-response mechanisms are operating in this bacterium, thereby obscuring the role of RpoS in epiphytic fitness of the bacterium.
Bacteria living epiphytically on aerial plant surfaces encounter severe and rapidly fluctuating environmental conditions, and their capacity to withstand environmental stress contributes to epiphytic fitness. The stationary phase sigma factor RpoS is a key determinant in stress response of gram-negative bacteria, including Pseudomonas spp. This study focused on the role of RpoS in stress response and epiphytic fitness of Pseudomonas fluorescens strain 122 on aerial plant surfaces. RpoS had a significant role in the response of the phyllosphere bacterium P. fluorescens 122 to stresses imposed by desiccation, UV irradiation, starvation, and an oxidative environment. While significant, the difference in stress response between an rpoS mutant and the parental strain was less for strain 122 than for the rhizosphere bacterium P. fluorescens . No consistent influence of RpoS on epiphytic population size of strain 122 on pear or apple flowers or leaves was observed in field trials. These data may indicate that P. fluorescens occupies protected microsites on aerial plant surfaces where the bacteria escape exposure to environmental stress, or that redundant stress-response mechanisms are operating in this bacterium, thereby obscuring the role of RpoS in epiphytic fitness of the bacterium.
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Fluorescent pseudomonads are ubiquitous inhabitants of plant surfaces, including flowers, leaves, and roots. In these natural environments, bacteria can be exposed to environmental stresses imposed by rapid changes in temperature, water availability, osmotic potential, and nutrient availability (2) . The capacity to survive environmental stress is an important fitness factor for Pseudomonas spp. inhabiting the phyllosphere (15) , and the stationary phase sigma factor RpoS (σ S ) is required for optimal stress response in many strains of Pseudomonas spp. (5, 10, 13, (16) (17) (18) 23, 26, 30, 31) . The sigma subunit is a dissociable protein of the eubacterial RNA polymerase holoenzyme responsible for promoter specificity in the initiation of transcription (7) . Under conditions of cellular starvation, σ S accumulates, binds, and directs the RNA polymerase holoenzyme to many genes with diverse functions, including stress response (6, 7, 20, 28) . RpoS is not the only sigma factor contributing to stress response of Pseudomonas spp., however, and σ 22 and σ 54 provide examples of other sigma factors that contribute to survival of desiccation, osmotic, or starvation stress, at least in some strains (11, 22, 27) .
Our research program focuses on biological control strains of Pseudomonas fluorescens, including the rhizosphere strain Pf-5 and the epiphytic strain A506. In previous studies, we discovered that the role of RpoS in stress response differs markedly between the two strains. RpoS plays a major role in multiple stress responses of Pf-5 and also contributes to fitness of the bacterium in the rhizosphere of plants grown in dry soils (30) . In contrast, RpoS has a negligible role in stress response of A506 and no detectable influence on the fitness of the strain on aerial plant surfaces (4). The two strains also differ in the relative stress response of cells in the exponential versus stationary phase of culture. Stationary-phase cells of Pf-5 are far more resistant than exponentially-growing cells to multiple stresses (26, 30) , as is typical of other strains of Pseudomonas spp. (10, 13, 16 ). In contrast, cells of A506 in these phases of the bacterial growth cycle exhibit little difference in stress resistance (4) . Furthermore, the rpoS of strain A506 has a frameshift mutation which renders it nonfunctional (4). Strain A506 may represent an anomaly from a conserved mechanism of stress response in Pseudomonas spp., or it may provide an example of previously undescribed variation in molecular control of stress response in this group of bacteria.
This study was initiated to complement earlier investigations into the role of RpoS in stress response of plant-associated Pseudomonas spp. An rpoS mutant of the epiphytic strain Pseudomonas sp. 122 was derived and compared with the parental strain for stress response and epiphytic fitness on apple and pear in seven replicated field trials. Results indicate that rpoS has a minor role in stress response or environmental fitness of strain 122, as was observed previously in the epiphytic bacterium P. fluorescens strain A506. The results of this study indicate that molecular factors controlling stress response and environmental fitness differ among strains of Pseudomonas spp.
MATERIALS AND METHODS
Bacterial strains and growth conditions. The phyllosphere bacterium Pseudomonas sp. strain 122 was a gift from Steven Lindow (University of California at Berkeley). Strain 122 is resistant to rifampicin at 100 µg/ml by spontaneous mutation (S. Lindow, personal communication). Strain 122 was identified as P.
fluorescens based upon the following characteristics: production of a fluorescent pigment on King's medium B (KMB) (12), oxidase negative, gelatin hydrolysis, and utilization of trehalose, meso-inositol, and DL-arabinose as carbon sources (3) . The nucleotide sequence of the 16S rDNA of strain 122 (GenBank accession no. EU003535) indicates that the strain fits within the P. fluorescens intrageneric cluster (8) . The GenBank accession number for the sequence of rpoS of P. fluorescens strain 122 is EU147502. The rhizosphere bacterium P. fluorescens Pf-5, the rpoS mutant JL3985, and rifampicin-resistant derivatives of Pf-5 (Pf-5R) and of JL3985 have been described previously (30) .
P. fluorescens was cultured at 27°C on Luria-Bertani (LB) medium (24) or KMB. Antibiotics (Sigma-Aldrich, St. Louis) were used in the following concentrations: cycloheximide at 50 µg/ml, kanamycin at 50 µg/ml, or rifampicin at 100 µg/ml.
Derivation of an rpoS mutant of strain 122 through allelic exchange mutagenesis. A Tn5 insertion was introduced into rpoS of 122 via allelic exchange mutagenesis with plasmid pJEL1995, which contains rpoS::Tn5 and flanking regions from the Pf-5 genome, as described before (30) . rpoS disruption and plasmid loss were confirmed by Southern analysis using pJEL1995 as a probe. One derivative of strain 122 having the expected Tn5 insertion in rpoS was selected for further analysis.
Growth rate determinations. Bacterial strains were grown at 27°C with shaking (200 rpm) in replicate test tubes containing 5 ml of LB or KMB. Over 36 h, the optical density of cultures was measured at λ 600 nm with a spectrophotometer. This experiment was repeated twice.
Culture and harvest of cells used for stress response tests. Strains of P. fluorescens were grown in LB at 27°C with shaking overnight. Then, 50 µl of an overnight culture was inoculated into 5 ml of fresh LB broth in a culture tube and grown under the same conditions for 4 to 5 h (exponential-phase cells) or 16 to 24 h (stationary-phase cells). Bacterial cells were collected by centrifugation (5,000 × g, 3 min), washed twice in 10 mM phosphate buffer (pH 7.0), and suspended in buffer to a final optical density of 0.1 (λ 600 nm) (≈1 × 10 8 CFU/ml). Three replicate cultures of each strain were evaluated in the stress response tests and every experiment was repeated at least twice.
Freezing stress. Tolerance to freezing was assessed by the method of Stockwell and Loper (30) . Briefly, bacterial suspensions (100 µl) were transferred to sterile microfuge tubes and held at -20 or -80°C for 12 h. To thaw samples rapidly, 900 µl of 10 mM phosphate buffer (≈20°C) was added to each tube immediately after it was removed from the freezer. Samples were vortexed for 30 s and culturable cells in the suspensions were enumerated on KMB agar.
Starvation stress. The effect of starvation on culturability was assessed by incubating stationary-phase cells in 1 mM phosphate buffer (pH 7) and 0.8% saline (wt/vol) with agitation (200 rpm) at 27°C (30) . Samples were removed periodically and dilutions were spread onto KMB agar for enumeration.
Oxidative stress. Cells were suspended in 10 mM phosphate buffer (pH 7.0) and H 2 O 2 was added to a final concentration of 15 mM (26) . The suspensions were incubated with shaking at 27°C and the number of culturable cells determined periodically over 80 min by spreading diluted samples onto KMB.
Ultraviolet irradiation. Tolerance to ultraviolet irradiation was measured by methods described by Whistler and associates (33) . Briefly, dilutions of cell suspensions were spread onto KMB and immediately exposed to UV irradiation (λ 254 nm) at doses up to 86 J m -2 . After exposure to UV irradiation, plates were incubated in darkness for 3 days and then colonies were counted.
Desiccation stress. Bacterial cells were suspended in sterile distilled water (10 8 CFU/ml) and 10 µl was placed on 1 cm 2 of sterilized Whatman no. 1 filter paper. The filters were suspended on wire supports over a saturated solution of NaCl in sealed containers held at 25°C to maintain a relative humidity of 75% (14) . Control sets of filters were suspended in chambers containing water and 100% relative humidity. Periodically, filters were removed, placed in 10 mM phosphate buffer (pH 7.0), and sonicated for 3 min, prior to spreading dilutions on KMB.
Data analysis. For analysis of data from laboratory experiments assessing stress tolerance, survival ratios were calculated by dividing the observed population at a sample point by the initial population. Survival ratios were log 10 transformed prior to statistical analyses. Population data were subjected to mean separation by Fisher's protected least significant difference test at P = 0.05 using the analysis of variance procedure of Statistical Analysis Systems (SAS Institute, Cary, NC).
Field studies. Weather data for all field trials are summarized in Table 1 .
The population sizes of strain 122 and the rpoS mutant were estimated on flowers of pear (Pyrus communis L. 'Bartlett' or 'Bosc') or apple (Malus × domestica Borkh., 'Rome Beauty') in experimental orchards at the Oregon State University, Botany and Plant Pathology Field Laboratory near Corvallis, OR in 1997. An aqueous suspension of each strain (1 × 10 8 CFU/ml) was sprayed on blossom clusters of five (Bartlett), three (Bosc), and four (Rome Beauty) replicate trees (at the 50 to 70% bloom stage) arranged in a randomized complete block design. At each sampling date, culturable bacterial populations were estimated from 10 flowers harvested from each tree using described methods (29) . Pseudomonas agar F (PAF, Difco Laboratories, Detroit) with cycloheximide at 50 µg/ml and rifampicin at 50 µg/ml was used for selective recovery of strain 122, and PAF amended with cycloheximide at 50 µg/ml and kanamycin at 50 µg/ml was used for selective recovery of the rpoS mutant. Mean population size of bacterial strains and standard error were calculated by averaging the logarithm (base 10) of population values. The detection limit was 1 × 10 2 CFU/flower. When the bacterial population size in a sample was below detection, then a value of 1 CFU below the detection limit was assigned that sample.
The survival of 122, Pf-5R, and rpoS mutants of each strain was evaluated on leaves of pear (cv. Bartlett) and apple (cv. Red Delicious). Bacterial suspensions were prepared to a concentration of 1 × 10 10 CFU/ml and applied, as described above, to leaves on marked branches of five replicate trees per treatment arranged in a randomized complete block design. Four h after application and periodically over a week, 10 leaves were removed from marked branches and placed individually in resealable plastic bags. Leaf samples were placed in 10 ml of sterile phosphate buffer and sonicated. The sample and dilutions were spread on antibiotic-amended media described above to enumerate the population size of each strain. The detection limit was 1 × 10 2 CFU/leaf. If bacteria were not detected from a sample, then a value of 1 CFU below the detection limit was assigned.
RESULTS
Influence of rpoS on growth and stress tolerance of strain 122. The growth rates of strain 122 and the rpoS derivative in LB and KMB broth were similar (data not shown).
The capacities of strain 122 and the rpoS mutant to survive exposure to environmental stresses were compared to determine the role of rpoS in stress tolerance of this bacterium. Because of the established role of rpoS in stress response of P. fluorescens strain Pf-5 (30), this bacterium was included as a control.
Strain 122 and its rpoS mutant tolerated freezing and starvation stresses. Stationary-phase cells of strain 122 and the rpoS mutant were significantly more tolerant of freezing at -80°C than were exponential-phase cells of these bacteria (Fig. 1A and B) but the rpoS mutant did not differ significantly from 122 in the capacity to survive freezing. Strain 122 survived freezing to a level similar to that of strain Pf-5, for which rpoS has a significant role in freezing tolerance by stationary-phase cells (Fig. 1) . Strain 122 and its rpoS mutant tolerated starvation conditions while suspended in sterile, aerated, phosphate-buffered saline; culturable populations decreased below the initial population size only on day 18 ( Fig. 2A) . On three sampling dates, significant differences between the population size of strain 122 and its rpoS mutant were observed, but these differences were small in magnitude compared with those separating Pf-5 and its rpoS mutant (Fig. 2B) .
The rpoS mutant of 122 was more sensitive than the parental strain to oxidative stress, UV irradiation, and desiccation stress. Culturable populations of both Pf-5 and 122 decreased during exposure to hydrogen peroxide (Fig. 3) and cells in stationary phase were less sensitive to oxidative stress than cells in exponential phase. Whether in stationary or exponential phase, the rpoS mutants were more sensitive to oxidative stress than their parental strains. For stationary-phase cells, the magnitude of the difference in sensitivity to oxidative stress between the rpoS mutant and its parental strain was greater for Pf-5 than for 122. RpoS also influenced UV sensitivity; stationary-phase cells of the rpoS mutants of strains 122 and Pf-5 were less tolerant of exposure to UV radiation than were stationary-phase cells of the respective parental strains (Fig. 4) . Finally, exponential-phase cells of 122 were significantly more sensitive to drying at 75% relative humidity than were cells in stationary phase (Fig. 5) . Whether in stationary or exponential phase, the rpoS mutant was more sensitive than the parental strain 122 to desiccation stress.
In strain 122, rpoS did not influence colonization of flowers or survival on leaves. On flowers of pear, strain 122 and its rpoS mutant established population sizes of ≈10 5 CFU/flower immediately after inoculation, and population sizes increased over the bloom period (Fig. 6A and B) . Mean populations of the rpoS mutant were significantly greater than the wild-type strain at 8 days after inoculation on flowers of Bartlett pear and at 5 and 11 days after inoculation on Bosc pear. Initial population sizes of 122 and the rpoS mutant (≈4 × 10 3 CFU/flower) on apple (Fig. 6C) were lower than initial populations on pear, perhaps because there was little rain during the apple field experiment (Table 1) . On apple flowers, the mean population sizes of 122 and the rpoS mutant did not differ significantly (Fig. 6C) , with both populations increasing over the bloom period.
On apple leaves, initial mean populations were 10 7 to 10 8 CFU/ leaf for each strain ( Fig. 7A and B) . Over 3 days, the mean population size of both 122 and its rpoS mutant decreased to 10 5 CFU/ leaf. By 9 days, the mean population size of these strains was 10 4 CFU/leaf. At each sample time, the population size of 122 did not differ significantly from the rpoS mutant of 122 (Fig. 7A) . On apple, mean populations of strain Pf-5R decreased to 5 × 10 3 CFU/leaf by 3 days and were detected at 6 × 10 2 CFU/leaf 9 days after application (Fig. 7B) . The population size of the rpoS mutant of Pf-5R decreased rapidly to 3 × 10 3 CFU/leaf 1 day after application. The population sizes of Pf-5R and its rpoS mutant were significantly different for the first 3 days after application to apple leaves.
On pear leaves, initial mean populations for all strains were ≈10 5 CFU/leaf ( Fig. 7C and D) ; the lower initial population size on pear compared with apple leaves may be due to the smoother, waxy surface of pear leaves compared with apple leaves. On pear leaves, the mean population size of 122 and its rpoS mutant decreased to ≈2 × 10 2 CFU/leaf within 2 days after application and did not differ significantly (Fig. 7C) . The population size of Pf-5R also decreased on pear leaves to ≈6 × 10 2 CFU/leaf (Fig.  7D) . The rpoS mutant of Pf-5R exhibited a more rapid decrease in population size than the parental strain; at 1 and 2 days after application, the mean population sizes of the rpoS mutant of Pf-5R were significantly lower than the parental strain Pf-5R (Fig. 7D) .
DISCUSSION
The stationary-phase sigma factor RpoS had a significant role in the response of the phyllosphere bacterium P. fluorescens 122 to stresses imposed by desiccation, UV irradiation, starvation, and an oxidative environment. These findings are consistent with Colonies were counted after a 3-day incubation period in the dark. Culturability is expressed as the logarithm of the survival ratio, which is the enumerated population after exposure to UV divided by the population that was not exposed. Vertical bars represent one standard error of the mean. The experiment was conducted four times; the results shown are from a representative experiment. UV irradiation (17,30), starvation (10,23,26,31) , and oxidative stress (5, 10, 13, 16, 18, 26, 31) . In contrast to previous findings with strain , however, RpoS did not have a significant role in the survival of strain 122 when exposed to freezing temperatures. Furthermore, differences in stress tolerance between the rpoS mutant and parental strain 122 were consistently smaller in magnitude than those of strain Pf-5 (30; this study). Thirty-four sigma factors have been identified in the genomes of P. fluorescens strain Pf-5 (21) and strain Pf0-1 (GenBank accession no. NC007492) and, although the functions of genes controlled by these sigma factors remain uncharacterized, at least two sigma factors other than RpoS are known to play a role in stress response of P. fluorescens. For example, the sigma factor AlgU (also called AlgT, RpoE, and σ 22 ), a key determinant of extracellular polysaccharide production, is required for optimal survival of P. fluorescens CHA0 when exposed to desiccation and osmotic stress (27) . An rpoN mutant of CHA0 is also more sensitive than the parental strain to salt, indicating a role for σ 54 in osmotic stress (22) . The relative importance of RpoS in stress response appears to differ among strains of P. fluorescens.
In replicated field trials, we detected no consistent influence of rpoS on the colonization of flowers of pear or apple by strain 122. Because rpoS influenced stress response in strain 122, and plantassociated bacteria are thought to be exposed to harsh and fluctuating environmental conditions on aerial surfaces of field-grown plants, we were surprised that there were not larger differences in the population sizes established by 122 and an rpoS mutant in our field experiments. One possibility for the lack of effect of rpoS on floral colonization is that the environmental stresses experienced by bacteria may be modulated by characteristics of these tissues. The primary site of colonization of floral tissues of pear and apple is the stigma. Pear and apple flowers bear "wet" stigmas whose surfaces are coated with moist, nutrient-rich exudates (25, 32) . The exudates are thought to facilitate adhesion of pollen grains and osmoregulated germination of pollen on the stigmatic papillae (25) . In addition to pollen grains, the stigmas of pear and apple also support growth of microbes, including P. fluorescens (9, 19) . The population size of bacteria on stigmatic tissues of pear and apple often exceeds that on leaf surfaces when converted to the common unit of CFU/gram (9) . Thus, on floral surfaces, P. fluorescens may occupy protected sites where it escapes exposure to environmental stress. Consequently, a functional rpoS, which should improve the capacity of bacteria to survive environmental stress, may not be important for bacteria to colonize the relatively hydrated, nutrient-rich stigmas of flowers.
On leaf surfaces, protective sites for bacteria include the base of trichomes, wounds, and natural openings (1). In our experiments on survival of bacteria in the phyllosphere, the rpoS mutant of Pf-5 survived poorly compared with the parental strain, indicating that RpoS is important for epiphytic fitness of this strain. This is in agreement with two other studies, where a significant influence of RpoS on environmental fitness was observed only under conditions of environmental stress. A significant influence of RpoS on rhizosphere colonization by Pf-5 was observed primarily under conditions of desiccation stress; an rpoS mutant of Pf-5 did not survive as well as the wild-type strain in the rhizosphere of bean planted in dry soil, whereas differences in survival of the strains were sometimes less pronounced in moist soils. Similarly, an rpoS mutant of P. putida KT2440 was more sensitive than the wild-type strain to stress imposed by the toxic compound m-methylbenzoate in soil (23) . The population size of the rpoS mutant declined more than those of the wild-type strain in soil amended with this compound. In contrast, soil populations of KT2440 derivatives containing the TOL plasmid, which confers m-methylbenzoate degradation, were stable in the soil re- Washed cells were place on sterile filter paper, exposed to 75% relative humidity, and sampled periodically. Culturability is expressed as the logarithm of the survival ratio, which is the enumerated population during exposure to 75% relative humidity divided by the population in the initial sample. Vertical bars represent one standard error of the mean. The experiment was conducted three times and the results shown are from a single representative experiment.
gardless of rpoS. The results from these previous studies indicate that the role of RpoS as a fitness factor of Pseudomonas spp. in the soil or rhizosphere is related in large part to its role in surviving stresses that the bacteria encounter in these habitats.
This study highlights a differential role of RpoS in the stress response and epiphytic survival of two strains of P. fluorescens: the rhizosphere inhabitant Pf-5 and the epiphytic strain 122. It is possible that the small but significant influence of rpoS on stress response in strain 122, which is detectable in laboratory assays, may not have been detectable in the field, where many interacting variables influence bacterial population sizes. Alternatively, the strains Pf-5 and 122 may differ in their capacities to establish themselves in protected sites on leaf surfaces, where RpoS may not be critical to bacterial survival. Furthermore, if stress response is an absolute requirement for survival on leaves, then an epiphytic bacterium such as strain 122 may secure its survival by possessing redundant regulatory mechanisms that ensure the expression of stress response genes when and where they are needed. The involvement of multiple sigma factors in stress response of P. fluorescens (22, 27) provides an example of this redundancy but the relative importance of these factors in strains from different microbial habitats has not yet been explored. The findings of this and the accompanying study (4) indicate that RpoS has a minor role in stress response of epiphytic strains of Pseudomonas spp. Therefore, plant-associated epiphytes such as P. fluorescens strains 122 or A506 may be excellent candidates for further study of RpoS-independent mechanisms of environmental stress response.
